A computerized system for the measurement of tongue dorsum movements with pulsed echo ultrasound is described. The presentation focuses on technical and methodological considerations in the on-line acquisition of vertical tongue movement information, its digital processing and display. Problems associated with transducer placement, peak detection, data averaging, and curve fitting are considered, and validation procedures based on x ray and indicators of measurement reliability are reported. The discussion centers on advantages and disadvantages of the technique and its applications.
INTRODUCTION
The measurement of the position of less accessible articulatory organs, such as the tongue, the velum, and the larynx, has been particularly difficult for speech researchers. Noninvasive ultrasound techniques have recently been applied to this problem to study laryngeal activity ( Kelsey et al., 1969 , for reviewl. In this paper we present an extension to these ultrasound procedures, a computerized measurement technique to monitor tongue dorsum movements with pulsed ultrasound.
Among the more-established techniques for the study of tongue movements are (1} x-ray cineradiography {e.g., Perkell, 1969} , (2} computer-controlled x-ray microbeam (Kiritani et al., 1975) , (3) dynamic palatography {Hardcastle, 1972}, {4) fiber optic viewing techniques (Sawashima and Hirose, 1968) , and (5} electromyography with surface or fine wire electrodes (Hirose, 1971 ). Advantages and disadvantages of most of these techniques have been reviewed elsewhere {e.g., Hardcastle, 1974} . Some of the advantages are extent of display (x ray), or proximity to the neural signal (electromyography}. Some disadvantages are tissue invasion, the presence of interfering or unpleasant apparatus in speech tract cavities, possible radiation hazard, or limitations in measurement radius and/or precision. Echo ultrasound techniques share certain limitations in measurement radius and precision. However, they are noninvasive, and when augmented by a computerized data acquisition and analysis system, can provide reliable information concerning tongue dorsum position over time. Furthermore, there have been no reported bioeffects in humans at diagnostic intensities of ultrasound.
Two types of echo ultrasound equipment can be used to monitor tongue movements in speech, A scan and sector Order of authorship was determined randomly.
scan. In the A-scan method, ultrasound pulses are passed from a transducer positioned below the chin, through the skin and the muscular tissue of the tongue, and are reflected in proportion to changes in acoustic impedance, at transitions in tissue density in the tongue body, at the interface between the tongue dotsum and the ambient air, and at the oral cavity walls {see MeDicken, i 981, for review of ultrasound technology}. The interval between the emission of the signal and the reception of the greatest amplitude echo estimates the distance between the transducer and the surface of the tongue.
Measurements are collected in a comparable fashion when using sector-scan technology. Here the ultrasound beam repeatedly scans a sector of predetermined extent {typically 60•90 ø of arc} to produce a two-dimensional image that can be displayed on a video screen. Typical scanning durations for the commonly used mechanical types of transducer are approximately 25 ms per sector. An advantage of sector scan is that it allows the display of either midsagittal or transverse sections of the tongue. However, with the mechanical transducer, data from the initial portion of each scan is temporally offset with respect to the final portion of the scan, so that a single image displays information obtained at different moments in time.
The following discussion focuses on technical and methodological considerations for a computerized system to measure tongue dorsum movement with A-scan ultrasound.
It considers issues in data acquisition, analysis, and interpretation, limitations of the A-scan technique when applied to tongue dotsurn movements, and some possible applications of the technique. The issues will be introduced in the context of an operational apparatus, and some characteristic data will be presented. Artifacts in the ultrasound record are suppressed by averaging and curve fitting operations. Analysis and display programs permit the presentation of the tongue dorsum position, its velocity and acceleration, and the corresponding voice signal.
B. Transducer placement and measurement orientation
In a typical experiment, the transducer (3.5 MHz, 13-mm diam, medium focus) is placed beneath the chin along the inferior midline of the mandible at an approximate distance of 1-cm anterior to the hyoid bone. The position of the transducer is maintained by means of an adjustable head harness which holds the transducer at a constant distance from the cranium, and thus from the hard palate (Fig. 2) . The data obtained with this procedure preserve several types of information available with alternative techniques such as x ray. In particular, systematic displacement and velocity relations for different posterior vowels, speech rates, and stress levels, are comparable to relations obtained with other methodologies. For instance, greater displacements and peak velocities have been observed for lower vowels, slower speech rates, and greater stress levels • and congruent findings have been reported using x ray (e.g., Kuehn and Moll, 1976; Perkell, 1969) . Furthermore, temporal relations between points in vertical lingual movement and other speech events can be assessed directly.
C. Tongue dorsum monitoring
When an ultrasound pulse is emitted from a transducer positioned below the jaw, it passes through the skin and muscular tissue of the tongue body (mylohyoid, geniohyoid, genioglossus, inferior and superior longitudinal, and lateral and transverse intrinsic muscles); the amplitude of the reflected signal corresponds to differences in acoustic impedance along the signal path. A large amplitude reflection can be measured at a distance of 4.5 to 6.5 cm from the transducer surface. It can be assumed that this reflection corresponds to the position of the tongue dorsum, since the maximum difference in acoustic impedance along the signal path occurs as the ultrasound signal passes from the muscular tissue into the ambient air.
Ultrasound echoes from the tongue surface can be gathered for tongue blade and tongue dotsurn positions along the sagittal midline. In the anterior and lateral directions (below the tongue tip and the sides of the tongue), the signal is obstructed by intervening air pockets, and in the posterior direction, by the hyoid bone. Pulsed echo ultrasound with this placement is thus optimafly suited for the study of oral cavity constrictions in the linguo-palatal to linguo-velar range.
Some proportion of the time, a large amplitude reflection not corresponding to the tongue dorsum arises as a result of tissue density changes within the tongue body or reflections within the oral cavity. As these observations typically differ in their time course from tongue dorsum positions, it is possible to remove almost all of these by specifying a range for acceptable measurements, and within that range, by excluding observations that lie beyond a given distance (e.g., 2 mm in either directtoni from the preceding tongue dorsum measurement.
A further difficulty in attempting to track the movement of the tongue surface is that the ultrasound beam has a significant width at the tissue depth where recordings are made (the 3.5-MHz transducer used in our system has an effective beamwidth of about 13 mm at a focal length of 7 cm). This means that the resulting measurements are insensitive to the height of the tongue within the dispersion radius. In addition, relatively few points on the dorsum lie at right angles to the ultrasound beam. As a result, reflections from the surfaces which lie at oblique angles to the transducer are attenuated in amplitude. The latter difficulty is usually resolved by peak detection and digital processing techniques.
D. Peak detection and measurement resolution
The digital encoding of tongue dorsum reflections is achieved by means of a peak detection circuit. In each 1-ms measurement interval, the ultrasound pulse activates a timing circuit, as well as an envelope detector which follows the leading edge of the ultrasound echo. The timing circuit is stopped as the slope of the envelope changes from positive to negative at the peak of the echo, and the corresponding digital value is transferred to computer memory and added to a An amplitude threshold for peak detection is set by the operator to eliminate noise due to tissue interfaces within the tongue. The threshold is set so that one peak is detected in Cubic splines were computed for repetitions of/ka/at two speech rates, either with alternate vowels stressed or with all vowels given equal stress (Fig. 4) 
G. Displays
The graphical display of ultrasound data currently involves the presentation of any of the following four parameters: (1) tongue dorsum position, (2) tongue dorsum velocity, (3) tongue dorsum acceleration, and (4) the corresponding acoustic waveform. Either the entire record (Fig. 5) or selected portions (Fig. 6) Comparisons of ultrasound and x-ray techniques have previously been reported for the measurement of tongue dorsum position. Good correspondence was observed between measures obtained with x ray and through-transmission ultrasound, with nonsense bisyllables as stimuli (Watkin and Zagzebski, 1973 ) and between sector-scan and x-ray fluoroscopic measurements of tongue displacements in vowel-tovowel and vowel-to-consonant transitions (Sonies et al.,   1981) . A weaker correspondence was reported between separate recordings of pulsed echo ultrasound and x ray, using the sustained production of selected vowels and fricative consonants as stimuli (Minifie et al., 1971) .
In the present study, measures obtained with x ray wer½• compared with those of the computerized pulsed echo ultrasound system. Three trials of 3.455-s duration were conducted using a single normal male subject who produced alternately stressed repetitions of the nonsense syllable /ka/. Lateral x-ray recordings of the posterior oro-naso-pharyngeal region were produced using a Picker Flouroscopic Imaging System and video recorder.
In the x-ray analysis, distances along the ultrasound transducer axis from the transducer surface to the tongue dorsum were measured on a frame-by-frame basis. The comparison between x ray and ultrasound revealed a similar displacement and time course for the two types of measures. However, the measure-to-measure variability was greater for x ray than for ultrasound. This is consistent with findings presented by Watkin and Zagzebski (1973 , Fig. 4 , p. 546) and may be attributed to the fact that in scoring x rays, the position of the tongue dorsum cannot always be established satisfactorily for reasons such as interference from cavity fillings or limited resolution of the video image.
Potential changes in jaw motion due to the head harness were assessed by video-taping jaw movement with and without the harness. Two subjects produced repetitions of posterior consonant-vowel pairs (/ka/,/ga/,/ko/,/go/) at two speech rates, in both an equal-stress and an alternate-stress condition. For each condition, measurements of the greatest vertical displacement of the gnathion were obtained. Jaw displacements with and without head harness were found to vary in a nonsystematic manner across conditions. Average differences in vertical jaw displacement of 0.32 and 0.29 mm were observed for the two subjects. The differences were not reliable, t ( tained for subject DO in the anterior and vertical orientations and for subject EK in the vertical and the posterior orientations. Greater differences were observed for the remaining orientation. Vowel height order was preserved for both long and short vowels in all orientations for subject DO, and for long vowels in all orientations for subject EK. Thus measurements differ somewhat with small changes in transducer orientation; however, these differences do not substantially alter the pattern of the data. Finally, internal consistency of the ultrasound measurement is demonstrated by the similarity in magnitude of tongue dorsum displacements in repetitions of a single syllable (Fig. 5) 
